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INTRODUCTION

“J’mditional  RF oscillators cannot meet some special requirements of phomnic  RF systems.

Because photonic  RF systems involve RF signals in both optical and electrical domains, an

ideal oscillator for the photonic  systems should be able to generate. R]; signals in both

optical and electrical domains. in addition, it should bc possible to synchronize and control

the oscillation by both electrical and optical references or signals.
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We report here a novel photonic  oscillator] (hat meets the special rcquircmcnts  for the

photonic  RF systems. In the oscillator, light from one of the outpu[ ports of the E/O

modulator is detected by the photodetector and then is amplifled, fi Itercd, and fedback to

the electrical input port of the modulator, as shown in Fig. 1a. If tllr modulator is properly

biased and the open loop gain of the feedback loop is ])roperly chosen, self electro-optic

oscillation will be sustained, Because both optical and electrical processes are involved in

the oscillation, both the opt ical subcarrier  and the electrical signal vi] 1 bc generated
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simultaneously. Note that this ring oscillator is inherently unidirectional, immune to the

back reflections in the loop, and therefore generically stable.

The photonic  oscillator can be represented by a simple functional block diagram shown in

Fig. 1 b. It is a six-port device, with both the optical and electrical il~jection  ports, both the

optical and electrical output ports, and two voltage controlling ports. One of the controlling

ports is simply the bias port of the E/O modulator and the other one k connected to a fiber

stretcher for controlling the loop length. As will be shown below the two injwtions ports

can be used to injection lock the photonic  oscil  later to a reference source either optically or

elecbically. The two output ports provide outputs with an RF carrier in both optical and

electrical domains. Finally, the two controlling ports can be used to tune the oscillation

frequency to make the photonic  oscillator a voltage controlled oscillator (VCO).  The six

ports collectively make interfacing the oscillator and a photonic  RF system much simpler.

We have built several such photonic oscillators using different modulators and generated

optical subcarriers  as high as 9.2 G} Iz,, using a diode pumped YAG laser at 1310 nm. Fig.

2a shows the generated RF signal at 9.2 G] 17. and Fig. 2b shows the generated signal at

100 MHz. In both cases, the photonic oscillators wet-c free running and no effort was

made to reduce the noise. For comparison, signal from a HP8656A  signal generator is also

shown in Fig. 2b and the photonic oscillator clearly has higher spectral purity than the

HP8656A.
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The oscillation ampli[ude  VO$C  of the photonic  oscillato] as a function of l(x)p plmtovoltage

and the oscillation frequency arc
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~ = (k + l/2)/T for cos(7cVB/Vz) >0

fo=k/T for cos(7rVB/Vz) <0

where Vph F lphRGq  is the loop photovoltagc,

the input impedance of the modulator, V% is the

(1)

(2a)

(2b)

Iph is the photocurrtmt  in the receiver, R is
half-wave voltage of the modulator, Gaw is

the voltage gain of the amplifier following the photorcceiver,  k is an integer, ?j is related to

the extinction ratio of the F~O modulator by (1 + q)/(1 – q), and VB is the bias voltage. In

Eq. (1), the modulator is assumed to be of a Mach- 7d]ndcr.  Note that VB is chosen such

that when VB = O, the modulator is biased at quadmtutc  and the output  from the port that

forms the oscillator loop has a positive slope as a function of the driving voltage. We call it

positive biasing. It is important to notice from Eq. (2) that the oscillation frequency
depends on the biasing polarity of the modulator. For positive biasing (cos(zVB/Vz)  > O),
the fundamental frequency is 1/(27), while for negative biasing (cos(?rl~/Vz)  < O), the

fundamental frequency is doubled to I/z.
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From Eq. (1) one can easily see for the ideal case in which ??= 1 and cos(zVB/Vz)  = 1, the

threshold condition is simply  V’ph 2 V=/rL. It is important to notice  that the amplifier in the

loop is not a necessary condition for oscillation. So long as IPkR > Vn/z is satisfied, no

amplifier is needed  (Gaw = 1). In this case, it is the optical power from the pump laser that

actually supplies the necessary energy for the photonic  oscillator. “l’his property is

significant because it enables the photonic  oscillator 10 be powered remotely using an
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optical fiber and increases the oscillator’s stability by eliminating the, amplifier noise. For a
modulator with a V. of 3.14 volts and an impedance R of 50 Q, a photocurrent  of 20 mA

is required for sustaining the photonic  oscillation without an amplifier.

Fig. 3 shows the normalized oscillation amplitude as a function of (Vph/Vz  )?jlcos(zV~/VZ)l

obtained from Eq. (l). The experimental data are also displayed in the figure and is in

good agreement with the theoretical results.

VOLTAGE CONTROLLED OSCILLATOR (VCO) HJNCTIONS

As mentioned above, the oscillation frequency of the photonic  oscillator can be tuned by

changing the loop length using a piezo-electric  stretcher. The frequency change Af is
given by Af = -~ AL/L, where L is the loop length, Al. is the loop length change, and L

is the nominal oscillation frequency. However, the tuning sensitivity (1 Idvolt)  is expected

to be small.

The oscillation frequency can also be tuned by changil]g the bias voltage of the 1%

modulator. Fig. 4a. shows that the frequency dctuning  of the oscillator is linearly

proportional to the bias voltage, with a slope of 38.8 kHz~volt. ‘l’he output power of the

oscillator remain relatively unchanged in a wide voltnge  range, as shown in Fig. 4b. This

result is significant because it provided a simple way to tune the oscillation frequency with

high sensitivity and is instrumental for realizing phase locked loop (P1 J-) using the novel

photonic  oscillator, as will be discussed next.
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SYNCHRONIZATION AND STAB1LIZA11ON

1. lnjcc(ion  locking Injection locking2  is a commonly LIscd ted]nique for synchronizing an

oscillator with a reference frequency. A unique aspect of the photonic  oscillator is that it
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can be injection locked by either an optical signal or an electrical signal, as shown in Fig.

1 b. Being able to injection lock an oscillator optically is important  because it allows remote

synchronization.3  This function is critical for high frequency Rl; systems which require
\,, many oscillator locked to a single master, as in a phased  array radar. Another advantage of

optical injection locking is that the locking oscillator is electrically isolated from the locked

oscillator, eliminating the need for impedance matching between the oscillators.

Fig. 5 shows the experimental results of injection locking the photonic  oscillator with a

maser reference at 100 MHz through the electrical injection port. Similar results are

expected for optical injection since the optical injection signal will first be converted to an

electrical signal by an internal photodetector in the loop before affecting the E/O modulator.

As shown in Fig. 5a, with an injection power of -5 dBm, the phase noise of the photonic

oscillator is almost identical to that of the injecting maser signal. Note that the output RF

power of the photonic oscillator is 13 dIln], resulting in a gain of 1 t? dI1. As the injection

power decreases, the phase noise of the photonic  oscillator increases somewhat. Ilowever,

the output RF power remains the same and therefore tile gain is effectively increased. In

the experiments, we were able to injection lock the photonic oscillator to a maser reference

as low as -50 dBn~.  Fig. 5b shows the experimental result of the locking range as a

function of injection power. As expected, the locking range is linearly proportional to the

square-root of the injection power, agreeing well with Adler’s injection locking theory.2
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2. Phmc focked loop Because the photonic  oscillator is also a VCO, it can be synchronized

to a reference source via a phase locked loop. Currently, experiments are under way for

evaluating the performance of such a photonic  phase locked loop.
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3. Self-injection locking and self-phase locking One tnlique property of the photonic

oscillator is that it has an optical output. With this optical output, we can delay the optical

output with a long fiberoptic delay line. After converting it into electrical signal we can

feedback the signal into the oscillator either through simple injection or by means of a

phase locked loop. Basically what we do here is to force the oscillator to leek to its “past”,

preventing the oscillator from changing its frequency and phase, and hence reducing the

frequency and phase fluctuations. Our preliminary experimental results have demonstrated

the effectiveness of these self-stabilization techniques.

SUMMARY

We have reported a novel photonic  oscillator capable of generating stable signals at

frequencies up to 70 G] IZ (limited by the speed of 13/O modulator and photoreceiver)  in

both electrical and optical forms. We have shown that the photonic  oscillator is a special

voltage controlled oscillator (VCO) with both optical and electrical output. It can be used to

make phase Icxked loop (PLL) and perform all functions that a PI.L is capable of for

photonic  systems. It can also be phase-locked to a remote reference through optical

injection and thus is useful for high frequency reference regeneration and distribution. We

have also demonstrated carrier recovery, clock recove] y, high gain frequency

multiplication, comb frequency and square wave generation using the photonic  oscillator.

By using self phase locked loop and self-injection locking techniques we developed, high

stability photonic  mm-wave carrier can be generated with the photonic  oscillator. We

anticipate that such photonic  VCOS will be as important to photonic  RF systems as

electrical VCOs to electrical RF systems.

The research described in this paper was carried out at the Jet Propulsion Laboratory,

California Institute of Technology, under a contract with the National Aeronautics and

Space Administration.
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1. Introduction

Illp tmil]ators, especially voltage controlled oscillators (V( X3 S), arc esse)tial to RF co~lllllullicatioll,
hroadcastillg,  a]lcl rmciving  systems. ‘1’heir functions illcludc g,cmcratin.g, tracking, cleaning, amplifying,
al)d distrihuti]]~  1{1$  carricws. ‘1’hc  VCOS in a phase-lockcx] Iot)p con figurat, ion CaII also be LIsecl  for clock
movcry, carrier recovery, signal rnodulatioll  and dcn mdulat  iol), and flcqucncy  sylltfwsizing.

I)lwtmlic  RF systmns  [1- 3] eInlNcl I)hot,onic  tccllno]ogy int(, the traditiolla]  RI; systems. In particular,
irl a I)llot,ollic  1{1” systmn,  ol)tica] waves a r e  u s e d  M a carricl  to tralls~)ort 1{1”  signals  througli  ol)tical
fitmr !0 mnlote  Iocatiolls.  in adclition,  sorm  of the RF’ sigllal-lJroccssillg  fuuctiolls,  suctl as signal mixing
[4], antenna bxLtIl  stcwring  [5,6], and signal filtering [7,8] car] also lx: acco]lll)lis]led  ol)tically.  ‘1’he  plLo-
tonic  tcclluology  offers tlm advantages of low loss, light  wcip,l It, high frequel]cy,  high security, renloti~lg
capability, ancl im)nunity  to clcctrolna.gnctic  interference and, therefore, is dcsiral)lc  in many RF systems.

‘IYaclitional  1{1~ oscillators ca])not rncct all the rcquiremmts of I)hotonic I{F systems. Because photonic
1<17  systems ilwolve 1{1’  signals ill Lmtll optical and electrical domairls, an ideal oscillator for tile photonic
systcnns  should IW able to gmleratc  I{F signals ill Lotll optical and electrical (lo]llai~ls.  In aclditioll,  it
should km ~mssible !0 syllcllmllim> or control the cm,illator  by both electrical a]ld ol)tical  rcfcxwnces  or
sig]lals.

l’resently,  ~elleratillg  a l)igl)-frequmlcy lW’ sigrial ill the o~)tica! domain is llsllally clor]c by lnodulatinp,  a
dioclc laser or all cxtcrllrrl e]cctro-optical  (l!/()) ~nodulat,ol  usi[lg a lli~,ll-fr(:(lll(ll(:y  stable electrical signal
fro]i)  a local oscillator (1,0). Sucli an 1,0 signal is generally obtained l)y Illultil)lying  a low-frequency
refem~ce (c.g, a qLlaltz  osci l lator)  to tile rcquirml t,igl, frcqum,cy ,  say 32 (;11%,  witl) scnwral  stagyx of
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multi~)licrs  al]d anllJlifiers. Consequently, t,hc rmulting  syst(m  is bulky, complicated, indficicmt,, and
costly. An altcrl]at ivc way to gcncratc  photonic  RF carriers is to mix two lasms with diffcreut  optical
froqucnlcics [9]. I lowever, tlie resulting baudwidtll  of the signal is wide (liillited  by the spcxtral  width of
tllc lasers, tyl)ica]ly  greater tlmn teus  of kilohertz) and the frequency stability of tlic beat signal is poor,
caused by tllc (Irif{  of tile optical frequency of tjlle two lasers.

We report lwre a IIOVC1  photonic  oscillator [10] that rnmts  the spmial  rcxluirctllcllts for the pllotonic
1{1+’  systmns.  ‘1’llis  oscillator is ca~)ablc of .fpncratinp;  stable  sip.uals  at frcquwlcics  Uj) to 70 GIIz (limitccl
by tlm SIHX1 of tile 14;/0 nlodulat,or  and photorcccivcr)  in Lotll electrical and o~)tical domains. Wc show
that tlm l)llc)tonic oscillator is a special VCX) with I)oth opti(al and electrical outputs. It can be used
to make a j)llaswloc.ked  100I) (1’1,1,) and perform all fu[lctiolls that a 1’1,1, is cal)ablc  of for pllotonic
systwns.  It ca]~ also h l)hasc locked to a remote reference till c)ugh ol)tical  i[ljection  and,  thus, is useful
for lliglu-frequency mfereucc  re.gmcn-atiou a~ld distributio~l.  W(! llavc also den lo~lstratcc] carrier recovery,
clock recovery, llig]l-gain frequency multiplication, and comb-f] equcncy alld square-wave generation using
tllc pllotjmlic oscillator. IIy using self-phase-locked loop alld self-i[ljccti{)ll-lockil]g techniques wc have
developed, lligll-stability  ~)lmtonic  milliwavc rcfcrcnces  call h generated with ttie j)hotonic  oscillator. We
a~lticipat,c that such l)llotonic  VC(h will be as irnl)ortant  to p]lotonic  IW systen]s  as electrical VCOS arc
to electrical I{lJ systems.

Il. Device Description

III a l)]mtorlic  oscillator [1 o], light, from one of tlm output ports  of tile 1}/()  modulator is detected
by the ~)l]c)to(l(tcctor  and is t]lcn a~nplifiec], filtered, and fe~l back to tt)c c]ectrical  in~)ut port of tllc
modulator, as SIIOWI1  in l+’ip; . 1 (a). If tlw modulator is prol)(rly  biased a)ld the OI)CII-1OOI)  gain of the
feedback loo]) is ~)rolx:r]y  c]lcmIL, self-c]ectro-optic oscillation  ~rill be SUStCLill(!d. ]kaus(! both optical and
electrical ~)rocesses  are i)wolved in tllc oscillation, both  the (Jlkical sul)carriw  a~ld tile electrical signal
will bc gwlcrated  si[l~~llt:~~l[:()~lsly.  Note that, this ring oscillator is inhermlt]y  tllliclircct,io~lal,  immune to
tllc Imck rcflectio]ui  i[l tllc 1001))  a)ld tllcrcforc  geucrically  stal)lc.

‘1’lle ])llotollic  oscillator can lx: rc~)rcscuted  by a silnple full ctional  I)lock (Iiag,l  am, SIIOWI1  in h’i. g. 1 (b),
It is a six-~mt  device wit]l both  c)pt,ical and clcctrica]  injection ports, both o~)tical  ar)d electrical output,
Jmlt,s, a]ld t w o  volt:lg(:-collt,rc)llillg” ~)ort,s. onc of the contro]li~lg ports is siulply  the l)ias ~mrt of the
N/() ~llodulator,  a]]d tllc otllcr  onc is connected to a fiber stl etclmr for colitrollillg  the loop length. As
will tx: S1]OWI1 1W1OW,  tllc two illject,iou ~wrts can h used to injection lock t lIC lJlloto~Lic oscillator to a
reference source eitlm or)tica]ly or electrically. The two output ports })rovidc  outputs with all I{F carrier
in both  olLical  and electrical forms. Finally, the two cont,rollillg ports can h used to tullc  tile oscillatiorl
frequency mld to lnake the photonic  oscillator a V(X). ‘1’hc six ports collectively rrlakc  int,crfacirlg  tllc
oscillator and <i photonic  I{F system ]Iluch simpler.

Wc have built scwcral such photonic  oscillators using difh (:nt mod ulators  and nave .gymeratcd  optical
subcarriers  as high as 9.2 Gllx,  using a diode-pum~md YAG her at 1310 11111.  Figure  2(a) shows the
g,cnlcrated  1{1+’  signal at 9.2 CTHZ, and Fig. 2(b) shows tlm .gc]mated  signal at 100 MIIz. In both cases,
tllc photonic  oscillators were free rutming  and Ilo efiort  was ]nade to rcclucc tl]c noise. For com~)arison,
sigll~l from a Ilcwlct,t  l’aclmrd (}11’)8G56-A
oscillator - clearly has }Iigllcr spectral purity

111. Steady-State Characteristics

A. Oscillation Threshold

signal .gcmcrator  is ah SILOWII  il] Irig. 2(b), and the pllot,onic
than the 111’8656A.

‘1’0 start oscillation from Iloise, tllc  o~)mkloop gaitl of tile i)lloto~lic
‘1’IIc o~mll-kmp  gain of t,llc l)llotonic  oscillator is sinll)ly the I{F l)owel
plmtol,ic  IiIlk a]ld is givml l)y [11]

oscillator lnust  bc larger than 1.
gain of an externally IIlodulated

33
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Fig. 1. Device description of the photonic  oscillator: (a) device construction and (b) functional diagram.

[

—.-~ji----~=”:
(b) SPAN = 2.5 kHz

o
~—~–

~ ~J&J:
EO OSCILLATOR

o .-(a) 9.22 GHz, 5 dBm - ~ HP8656A

$ D .20

u ..20 - 11-

a“ $

g .40 - RBW = 1 MHz
g _40

.-
0.

-60 -60
P~ .-.. ._.L ._.. 4

8.5 9.0 9.5 10.OX 109 9:19840 99.9850 99.9865 X 106
FREQUENCY, HZ FREQUENCY, “z
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(1)

“’t]wller~!  ~01,C7~ 1s , lC: OIJ~~ll-looJJ Voltage gail], lr,~, is tile  pllotocum[lt in the mceiv(:r,  }{1, is tllc load rcsistaIlcc
of tlm rcccivcr,  1/,,, is tllc input  irnl)cclallcc  of tlm modulator, V, is tllc half-wave voltage  of tile moclulator,
and G’a,, Ll) is tllc volta~c  ~aill of the alnpliflcr  following tl]c ~)llotorcccivm. III ]<;q.  (1), tllc  IllOdUlatO1  is

assumcxl  to h of a MaclI Zcl]llclm type and is hiascd at q u a d r a t u r e . ‘1’IIc oscillat,io]l condition  of tllc
> 1. For l?l, = 1{,,, :. R, this condition I)cc:ol[l[’sIhotol)ic  oscillator is, thus, G(,T,C,, .
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I,,hlw’a,,’p  2 –; (2)

IL is illl~mrtant  to notice t,lmt, t,lle alnlJlificr in t,llc loo~, is not a !wccssary conclit iol] for c)scillation,  SO long
as IT,l, 1{ > Vn /n is satisfied, no amplifier is mcdcd  (G’a,,,p  = 1). It is tllc ol)t ical power from the punll)
laser tlmt actually sul)~)lics  the ncccssary  cncngy for tlm photonic  oscillator. ‘Ilis Imopcrty is significant
bccausc  it enables the I)hotonic oscillator to h powered rc~llotcly usi~lg all oj)tical  fiber. lrl addition,
tlm clilllinatioll  of the am~)lificx ill tllc loop also elinlillatcs  th(’ amplifier noise, msultillg  in a more stable
oscillator. F’or  a modulator with a V= of 3.14 V and an impcxlancc R of 50 Q, a pllotocurrcmt  of 2(I nlA
is required fc)r sustaini]lg  tllc ])lloto]lic oscillatiorl  wit]mut  arl arrrplificr. ‘J’his  corresponds to an optical
power of 25 InW, taking the rcsl)onsjvity  p of the plwtodctcctor to be 0.8 A/W,

B. Oscillation Amplitude

‘1’IIc ol)t,ical power from tllc out~)ut, port that forllls tbc loop is related to al) applied voltage V(t) by
[11]

(3)

wllcrc o is tlw fractio]la]  i]wcrt, iorl loss of the modulator, VJJ is tllc bias voltage , a]ld q relates to tllc
cxtil]ct,ioll  ratio of tllc modulator by (1 + T~)/(1  -- 7~), If l’(t) IIas a positive S1OI)C  as a function of driving
voltage V(f),  tllc lnodulat,or  is said to bc positivc]y  biased; otherwise it, is ~lcgativcly biamd.  Consequently,
if tlm value of Vll is clloscn  SUCII that VI) =- O, t,hc modulator is biased at llegativc  quadrature, while when
VJJ = Vm, tllc lnodulator  is biased at positive quadrature. No te  t ha t  iu Illost cxt,crually  lnodulated
I)lwtm]ic  links, tllc It/Cl Inoculators can bc biased at citlm positive or riegativc quadrature without

~
a  cctin~  tlwir  l)[;rfc)rlll:~llc,(!. 1 Iowcvcr,  as will bc SCCII next, tllc biasing Jm10  I ity will have an important
effect oll tlw o~mratio~l  of the photonic  oscillator.

]’br tlw I)lloto]lic  oscillator, t,llc al)~)liccl voltage V(i) is just 1 hc photovoltap,(’ after the filter in the loop:
v(t)  ~ flwa,,,r, l’(t), wlwrc p is the rcsponsivity of the detector, 1< is t,l]c loop impcdancc,  ancl Go,,lr,
is tllc alllI)liflcr  voltage gain. ‘1’IIc rccurrcncc  relation of the t)scillatillg signal ill tllc loop mu be easily
obtailml fro!l]  l<;q. (3):

‘u(t) = ‘lLo {1 -- ?/sin7i [U(t  – 7 ) + U}]]} (4)

where T is ttlc loop delay time a~ld 1/0, Ulj, and u(t) arc the normalized ~)llt]t[)~~c)ltagc,  IIornlalizcd bim
voltage, a]ld lwrrllalizcd  oscillatio~] vo]tagc, rcspcctivc]y. ‘i%c) arc defined a%

If,}, ri~a  ntr)
U. ;; -—  .——  ——

Vn
(5)

(G)

(7)

11) Eq. (5), 17,}, = 0pl’O/2. Equatiotl  (4) simply relates tbc oscillation volta~(’ at f with tl)at of all earlier
tinlcl  f -r.
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At steady  state, tile oscillating voltage should re~mat itself after a round trip in the 1001), that is,
u(t) z u(t T). ‘1’llis is the self-consistent condition. For ttlc (ruse  wlm) only out: frcqumlcy w. is allowed
h oscillate I)y l)utt)illg a filter ill tllle loop, tllc solutioli  to Eq. (4) has the fol ]n

u(t) = a sin(tiOi + d,,) (8)

where a is tile Ilorlllalizcd  oscillation amplitude and ~). is tllc phase.  Note that ill writing  down Eq. (8)
this way, tile observation l)oillt of the field is c.}loscn  to be ri{’,ht after  tllc filter. Substituting Eq. (8) in
lkl. (4) al]cl using the self-collsisterlt condition,  wc obtaiu

asin(wOt -t ~~o) = uO {1 -- qsin 71 {asiu [w,, (t – T) + ~Jc,] 4 III;}} (9)

Itxl)andiug  tlw ri,qtk-lmnd side of N!. (9) using the lkxsel  .f(]nction and pickill~ out the term with the
fu]lda]llmltal  frcqumlcy conl])oncntj,  wc obtain

‘Jb siinl)lify tile discussion, we will rmtrict ourselves to the case wllerl J1 (7ro)  >0 or o ~ VOSc/Vn <1.21,
si[lcc ill tile ~uajority  of mm, the oscillation amplitude VOSC (If the oscillator  is IIluch less than Vm. ~J’itll
this lcstrictiolll we ohriu  form F;q. (10) the following relatiolm for clctcrllii])i]lg  tile oscillation anl]ditude
and frequel]cy:

J1(TMI) =- ~c:--- (11)
Open

(12a)

(12b)

where  j. : wO/27r and k is an integer. It is interesting to notice frol]l l’;q. (12) that the oscillation
frequmlcy dq)el)ds  on the biasing polarity of the rnodulatol.  For rmgat  ivc biasing (cos7ruB > O), the
ful)daruelltal  frequelwy  is 1 /(2-r), wl\ilc for positive biasing (cos TUB < O), tile fundamental frequency is
dOllhh?Cl  tO 1 / 7 .

III Eq. (11), GOT),,, is the open-looI)  voltage gain of the oscillator :ind is (Iditled  as

For tile ideal c:wc wl)cl] q = 1 a]lcl I cm m~;l  L 1, it is the same as tlmt g:ivcll ill
of the oscillation can h oljtaincd  by solving Eq. (1 1) grapl)ically,  and tile r{xult

II;qllatio])  (9) cm] also Iw solved t)y cx~)andiup;  its right-ha]id  side illt,o a ‘1’aylor
IIorlnalized oscillation aml)lit ude is
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F;q. (1). ‘1’lm  zmll)litude
is S11OWI] in Fig,. 3(a).

series, arid the resu]tillg



ttlird  order cxlmlsiou

“ ‘“~~’ H]” ${231” fifth order  cxlmlsion

From l’;q. ( 1 4), olw call casi]y scc that, tbc tbresbo]d  cond it,ion for t,lle oscillation is
lr,/LRG’d,,,r)ql cm tt{~l ~ Vn /7r. ‘1’l]e o sc i l l a t i on  frcque~lcy obtaincxl usiug ibis l)roccclurc
13q. (12).

(14b)

G ~l}c,l 2 1 or
is tbe sarnc as

Figure 3(a) slmws  tllc lmrmalixed  oscillatio~l  anll)lit,udc as a function c)f (;C,,,C,, obtained from Eq. (11),
Eq. (14a) and ]’;q, ( 1 4 b ) ,  rcs~xxl,ively. compariug the tbrcc  tbcoretica]  cu]vm,  cmc can scc that,  for
G~I,C,l  ~ 1.,57, t,flc tllird-order cxI)a[lsion  r~sLllt is a good ap~)roxinlatioll, For C; OI,C,L  <3.14, tllc fiftl]-order
cxl)a~wioll  result is a good al)l)roxi~ll{~tio~l. Figure 3(b) sllows.tllc  cxpm immltal data, and tbcy  arc in good
agrccmcnt  with tile trllcorctical results of Eq. (14a).
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Fig. 3. Oscillation amplitude as a function of photovoltege:  (a) theoretical curves and (b) experimental data.

IV. Voltage-Controlled Oscillator Functions

As mentioned  almve, tllc oscillation frcqumcy  of the l,llotolLic  oscillato~ catl be tuned  by changing tbe
loop lcng~ll usil)g a piw,oclcctric  strctchcr. ‘1’be frequency cha)lgc Aj is given ly Aj = --jOAl,/l,, where
1. is tbc loop lcngtb,  Al, is the looylcngtb cbaugc,  atld jO is tllc nomirml  oscillatic)n  frequency. However,
tbc tuning  serlsitivity  (IIx/V)  is cxpcctccf  to 1x2 small.

‘1’bc oscillation freclucncy  call also bc tuned by cbang;iug tbc bias voltage of tbc E/0 modulator .
Fi.gurc 4(a) s)lows tf)at  tlw frequency dctuning  of tbe oscillator is linearly ~)rol)ortional  to tbc bias voltage,
with a S1OIW  of 38.8 kI1z/V.  ‘1’be  output power of tl]c oscillator remains relatively unchanged in a wide
voltage range, ~as sl)own in Fig. 4(L). ‘1’bis result  is significant, bccausc  it providcc] a simple way to tune tbe
oscillation frequency with lligli smisitivity  and is instrunlcntal  in realiziu~ 1)1,1, using f,hc novel pbotonic
oscillator. as will be discussed ]lcxL.

V. Synchronization and Stabilization

A. Injection Locking

(14a)

Illjcctioll  lockillg [1 2,13] is a cmllnmnly  used tecb[lique  for syncbrollizi]lp, :LII oscillator with  a rcfcrencc
frequcllcy. A u]lique aslwct  of tllc I)llot,onic  oscillator is that it can bc illjcct io], kxkcd  by eitlmr au optical
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Fig. 4. Demonstration of the capability of tuning the photonic  oscillator’s frequency by controlling the bias voltage
of the photonic modulator: (a) frequency versus bias voltage and (b) oscillation power versus bias voltage.

signal or an electrical signal,  as S11OWII  iu Pig. I (b). ]Icing abl[: to injcct,io~l lock an oscillator optically is

importa]t  bemuse it allows rcvnotc  synchronization [1 4,15]. ‘J’his  function is c1 itical  for high-frequency
Ill? systems tflat rx!quirc  lnany  oscillators locked to a single nlaster,  as in a pllascd-array  raclar. Another
advantage of o~iical  injcxt  ion locki~lg is that tllc locking oscillator is elect] ically isolated from the locked
oscillator, clilninatiug ttlc nccc] for impcda~]cc Inatclli 11, g lx:twt.cn  the oscillators.

Figure 5(a) SI1OWS  t,llc cxpcrimcntal  results of injection lo(king  t,hc photo~lic  oscillator with a maser
rcfcrcllcc  at 100 MHz tl]rough  the electrical injection port. Similar results arc expcctcd  for optical
injection since the ol)tical  injection signal will first be converted to arl electrical signal by all internal
photodct.cctor  in the loop I)cforc affecting the 13/0 modu]at(m. As SIIOWII  in Pig. 5, with an injection
lmwer  of - 5 dl]m,  tl]c l)llasc ~loisc c)f tllc photonic  oscillator was ahnost  iclcllt ical to that of tllc injecting
m,ascr signal.  Note that tllc output I{F power of the pliotonic  oscillator  W:LS ] 3 dDm, resulting in a gain of
18 d]]. As tfm injc!ction power dccrcascd,  tl]e l)l)ase ]Ioisc of tllc photo)lic  oscillator incrcascd  so~ncwllat,
I lowcvcr, tile out.I)ut  Ill” ~mv(!r  remained the salnc and, thcrcfor(!,  the gain was cffcctivcly incrmwd.
in tile cxjmrimcnts,  wc were able to ir]jcction lock tllc photo)lic  oscillator to a maser rcfcrcncc  with an
injcctio]l  ~mvcr as low as – 50 dll]n,  Figure 5(b) shows the cxpcrinlc~)t,al result of the locking rail.gc as a
function of iujcctiou  power. As cxpcct,ccl, the locking ran~c is linearly I)rol)ortional  to the square root of
tllc injection power, agrccillg  well with Adler’s illjcctio~l-lockillg  theory [] 2].
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Fig. 5. Demonstration of injection locking the photonic  oscillator: (a) phase noise measurement of the injection-
Iocked oscillator and (b) locking range as a function of the square root of the injection power.

B. Self-Injection Locking

Altlmugl]  injcctio]]  locking is an cf[cctivc means of synchronizing and stal)ilizi[lg  oscillators, it rcquims
a low-noise and lli.gll-stability  source to begin with.  Making a lligll-fr[!clLicll(y  aIId lligll-stability  source
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it,sclf is a diflicult  task. Ily using a novc:l sclmnc  called self-i[ljcctioll lockinp, to stabilim the ~)hotonic
oscillator, t}lc plmt,onic  oscillator may be made as tlw frcqucl)cy rcfmmcc,  as illustrated in I“ig. 6(a).
In this scheme, wc d[!rivc  a slnall portion of the output optical signal from tile photonic  c)scillator ant]
sclld it, t,tlrough a lc)llg fil)cr delay line. ‘1’hc output flom the fiber clclay li[m is tllcn  converted to ck!ctric
signal and is fed back to tllc lib’ clriving port of tllc E/O modulator. NTotc that tllc open-]oo~) gain of this

feedback loop should  hc kcl)t much below unity so that no self- oscillat  io~l can k! started. Basically, what
wc do hm! is to inject  a dc!layt!d replica of the photonic oscillator’s outl)ut  back to tlm oscillator a~ld force
the oscillator to lock to its “past. “ ‘1’his will prevent the oscillator from cllan~ing  its frcque~icy a~ld phase
<and, ]Icncc, reduce the frequency and phase ffuct uations.  ‘1’hc frequcllcy stability of the oscillator then is
cxpcctcd  to be proportional to the length  fluctuation AL/L c)f the fiber delay lilm.

Figure G(b) presents tlm experimental results, showing the effectiveness of the self-injection technique
in rcclucing the frequency noise of the photonic  oscillator. T’hc Icllgtll of tllc delay line used in the
cxpcrimcnt  is 12 km, and the feedback injection RF ~)owcr is - 19.23 clIlnl. It is evident that, self-injection
locking greatly reduced tlm frc!qucncy fluctuations of the photonic  oscillator. Further noise reduction is
cxpcctcd  if wc reduce tllc length  fluctuation of the filx!r  delay -line by placing il i~l a tcm~)craturc-controlled
cnvironlucnt  and isolating it from acoustic vibrations. More expcri~ncl]t,s  arc UILdCI way to further reduce
tllc nois(! of the self-injectioll lock~!d  photonic oscillator.

(a) n — .~–—..  — . 1 . I 1

(b)
o - FREE

RUNNING
E
%’ -20 -
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g -40 _
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100.010 100.015 100.020 100.025 X 106

FFIE QUENCY,  HZ

Fig. 6. Demonstration of self-injection locking: (a) the self-injection locking concept and (b) experimental result.

C. Phase-Locked Loop

llccausc  the pllotollic  oscillator is also a V~O,  it can lx, syllchmnim:d to a
pllasc-iockcd  1001)  [1 G], as s]lown in Fig. 7(a). Currently, cxl,crimcnts  arc under
lmrforlnallcc  of such a plwto]lic  phase-lockecl loop.

D. Self-Phase Locking

rcfcrmlcc source via a
way for evaluating the

Onc unique property of tllc photonic oscillator is that it has an ol)tical  output. With this optical
output, wc can make a sc]f-I)ll:Lsc-]oc:ked  loop to stabilize  the photollic  oscillator,  as shown in Fig. 7(b).
Similar to self-injection locking described earlier, a self-ph~se- locked loop forms the oscillatc)r  to be locked
to its ~mst and prevents it from fluctuating.

Using tl[c delay-line discrilnirlator  technique to stabilize a] i oscillator is M’(:I1 known.  ‘Jo effectively sta-
bilim  al) oscillator, a delay of many kilomcicrs  is needed and was, therefore, considered impractical before
tlIc c][ Icrgcllcc  of tile I)}lotonic  tcch]lology.  In our lal)oratory,  I,o.gan ct al. [17] previously cfcmonstratecl
using a film-optic delay lil~c to stabilize a traditio~lal  V(;O and ol)taillwl cxccllcnt  results. I]owcvcr, in
that, srtul),  tflc fil)cr-opti(  dday line inc]udc(i  a ]ascr  tra~mnittcr to collvcrl  t]lc VU1’s  dcctrica] o u t p u t
into o~)tical signal  and t}}cn transmit tllc optical signal through a fcw kilonlcters  of film. Since tllc pho-
tonic oscillator autolnatlically  contains an optical out]]ut,  it is iclcal for using the fiber clclay line technique
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Fig.7.  illustrations ofphase  locMngthe photonic oscillator using aphase-locked loop: (a)phaselocting  toa
reference source and (b) phase locking to its pastor self-phase locking.

to stabilize  itself without tllc ncwd of electrical-t~o~tical si.glal  conversion. Collscquclltly,  t,hc device is
sinlj]k!, low loss, ancl less cx~mllsivc.

VI. Applications

Voltage Cmltrollrxl  Oscillator: As mcmtionrxl earlier, the plloto)lic oscillator is a slmcial VCO with
optical outl)ut.  ‘1’llcnx:forc,  it can lx:rform all functions that a lTCO is capal)lc  of for photjonic  l{P’ systems.
‘J’lmsc fullct,iolls illcluclc gcncrati~l.g, tracking, cleaning, amplif~ing,  and dist rit)uting  lW carriers [I G]. ‘1’hc
I)hotonic VCOs in a plmsc-lockml  1001)  con figuratio~i can also I m used for clock recovery, carrier rccovcry,
si~na] Inodukitioll  and dcllmdulat,  ion, and frequency synthesis.

I’llotollic  Sigplal Mixing: ‘1’IIc pllotonic  oscillator can also bt: USCCI for pllotonic si.ylal up/clown conver-
sion, as s]lown in Fig. 8. lJor SUCII  all application, a stable optical RIr 1,0, 01 a rnodulatcd  ol)tical  signal
at an l{l; frequency, is required. ‘1’hc  pllotonic  oscillator can accomplish just that, sine{! o~w of its outputs
gives tllc 111~ oscillation i~l o~)tical  clornain.

Carl  icr l>istributio~i:  Ik:causc  tlw photonic  oscillator can bc injcctioli  Imk(xl  by a mmotc  oltical signal,
it ca[l lx: used for lligll-frf:(l~lc~llcy lil~ carrier rcgcncration,  alnplifical,ioll, al]d distritrutio]l,  m shown in
1~’i.g. 9. SUCII  a cal)ability  is illlportarit  in large pllotollic  RF systcllls.
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\

>
REDISTfllBUTE  TO : J

REMOTE TERMINALS z

Fig. 8. Using the photonic oscillator for photonic Fig. 9. Using the photonic oscillator for reference
downconversion. regeneration and distribution.

Frcquclicy  h4\lltij)lic:ltioll: ‘IIIIC il)jc:ct,ic)ll-lockillg  ~)ropcrty  of the ~,llotollic oscillator car] also k used
for high-gain frcquc)lcy Illllltil)licatioll.  In the first scllcmc, as shown ill lri~,. 10(a), the non]in(!arity  of the
modulator is used ancl t,hc I)lloto~lic  oscillator is injection locked to an cxtcrllal  signal that is a subharmonic
of tllc oscillator’s ol)cratill~  frequency. ‘1’llis  is the so-called suM~arlnonic  il)j{x:tiol) locking [1 8]. Wc have
cl(:lllO1]s(rat(:(l  l)l)asc lockill~ tllc oscillator operating at 300 MIIz to a 100 hll IZ rcfcrcncc c)f 4 dIIm.  ‘Ilc
cr(ltput of tllc oscillator is 15 dll~n, resulting in a gain of 11 d]] and a frcq~lcl)cy  nlulti])licatio]l  factor of 3.
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Fig. 10. Using the photonic oscillator for frequency multiplication: (a) using the photonic  oscillator’s nonlinearity and
(b) using the laser diode’s nonlinearity.

in the second schcmc,  tllc nonlin~!arit,y  of a laser diode [14] is used, as shown in Fig. 10(b). If the
laser is biasccl prop(!rly  and is driven hard enough, its output will contain really harmonics of the driving
signal. ‘1’1)(!  pllotonic  oscillator is tuned to operate at ii nominal frequency C1OSC to tile nth harmonic of the
reference signal driving tllc laser diode. Upon the i~ljcction of the lmcr’s  out~)ut,  the photonic  oscillator
will he lockccl to the nth IIarmollic, ‘1’his  scllcnic oflcrs rcmc)tc frequency multil)lication  capability [19]
and may be useful for many ~dlotonic RF sysknns.

C[)Illl)-l’}c(]  \lcllcy a]ld squal(!- WmIf: Generation:  ‘J’lIc l)llotonic oscillator ca~l also be used to generate
frcqumlcy collllxs and square waves, ,.“is sl]own ill Fig. 11. For this apl)licatioll,  tl]c photollic  oscillator is
CIICEC]I  to ol)cratc  with ~nultimodes. A sinusoidal sigllal with a freque~lcy equal to the mode s~mciug or a
multiple of mode slmcillgs is inj~!ctcd into the oscillator. Just like laser ]nodc locki~]g, this ilijcctcd  signal
will force all mcrclcs to oscillate in J)hase,  Collscqucntly,  we Obtiiill a co~llb of fwqucllcim  that arc in pl).asc.
111 the time donlaill,  t,lle outIJut  signal is a square wave.
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Fig. 11. Using the photonic oscillator for (a) comb-frequency generation and (b) square-wave generation.

Clock and Carrier ]{ccovcry:  In hi,s$-speed fiber-o}iic con)munication  systems, tllc ability to recover
tl]e clock fro~ll the incomin~ random data is csscliial [20,21]. ‘1’hc  same injection-locking property of the
plmtonic  oscillator catl also bc used for clock a~ld carrier recovery. ‘1’hc incolniug  data arc illjcctcd  into
the photollic  oscillator citllcr  optically or electrically. l’hc  free-runlling ~hoto~lic oscillator is tuned to
oscillafx!  at a nominal frequency equal to tlw clock frt:qucncy  of the incoming data. With the i~ljection of
the data, the plmtonic  oscillator will be quickly pllasc  locked to the clock flcquency  of tllc clat,a stream
wllilc rejcct,illg other frequency components (llarmmlics  and subharl[mllics)  associat(!d wittl the data.
Chlscquelltly,  tllc out~)ut of the locked photonic  oscillator is a contiguous ~mriodic  wave synchronized
with tllc iilconlillg data, or sinll)ly t,h(! recovered clock, As ca~l be seen, the clevicc has hotll  electrical and
o~)tical  illlnlts  and lmtjtl electrical wld optical outI)uts.

We Ilavc (I{:lllollstr[ttt:cl  clock recover y from bc)t]l rcturmto-mrcr  (RZ) a)lcl ~lollr(:t(lrll-t[)-~,~:r(] (NRZ) clata
at 100 Mt)/s  and have ol)tainecl cxcclkmt  results [22], Data rates up to 70 C~b/s call also tm rc!ccwcrcd  using
the illjcctioll-lc)ckill~ tcclllliquc  with a pllotonic  oscillator ojm ati[]g at 70 C,IIZ. INotc  t,l)at, tllc data rates
at mlc- half of t,llis value are ilnpossiblc  to acllievc with t,llc current clcctroriic  clock recovery techniques.
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Another important feature  of t,hc plmtonic  oscillator technique is tlmt tlic clock cw) bc rc!covcrwi  directly
frc)m data just out of a filmr-ol)tic t,ransmissiorl line, wif,tlout  t Iic need of optical-to-clcctrica]  conversion.
In acldition,  the rccovcrx!d clock signal has both  optical arid clf:ctrical forms and is easy to irltcrfacc  with
a fiber-o~)tic com~nunication  system.

Similar to clock rccovt!ry, a carrier buric!d in noise can also bc rccovercd by the photonic oscillator.
‘1’0 do so, wc simply inject the spoilcci carrier into a pllotonic  c,scillator that Ilas a frwc-running frcqucllcy
close to the carrier ancl a~l output pow~!r lCVCI A’ (N >> 1 ) dll higllm tfmt] tllc carrier. ‘1’he  injcctcci
carrit!r for-cm  the photonic oscillator to be locked with the carrier and results in all equivalcmt carrier gain
of N d]]. J3ccausc  the open-loop gain of the I)hotonic oscillator is o~lly 71 dIl (7L w l), the noise of the
input, is only am~dificd by 7t cIII, and the si.gnal-t~noisc  ratio of the carric!r  is then  increassc  by (N – n) cfB.
Wc have also demonstrated the recovery of crirricr from noise and incrcmsed the carrier-to-noise ratio by
5(I [Ill [22].

V1l. Summary

]n summary, wc llavc reported a novc!l  pllotonic  oscillator. ‘l%is dcvicc is capal)lc  of generating stable
signals at frcqucnci(!s  up to 70 GIIz and is a sl)ccial  VCO \vitll Ml] optical and electrical output. It
call I)c used to make a ~)llase-locked loop (1’1,1,) and to pcrf<jrnl  all functions that a 1’1,1,  is capable c)f
for l)hotonic  systcnns.  It can bc syncllronimd  to a refere~lce  source by means of optical injection locking,
electrical injection locking, a]ld PI, I,. It can also be self-phase locked and scdf-injection locked to generate
hi~ll-stat)ility  plloto]lic  IU~ rcfcrcmcc. Its ap~)lications include lligtl-fr(:cltlc:llcy  rcfcmmcc  regeneration and
distribution, high-gain frequency multiplicatio~l,  comb-frequcllcy  a[ld squarx!-wave generation, carrier re-
covery, and clock rc!covcry. We anticipate that such I JIlotonic VCOs will be as important to lJllotonic RF
systeuls  tLs clcctrica]  VCOs  are to electrical It]r systenls.
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